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Abstract 
 
The production of zinc by Direct Metal Printing (DMP) is explored with an aim to understand the 
influence of different DMP process parameters on the melting, evaporation and solidification of zinc 
powders. The study of single track (1D) scans with and without powder enabled a first estimation of a 
stable process window. In the 2D experiments, the hatch spacing was chosen to balance track overlap 
and smoke formation. The quality of the layers after DMP depends greatly on the flowability of the 
powder. DMP of simple cubes (3D) of relative density >99.70% was achieved, showing that the DMP 
of zinc into personalized biodegradable implants and other components is feasible. 
 
1. Introduction 
The process designated by ASTM as laser based powder bed fusion (L-PBF) of metals is known 
under different commercial names: Direct Metal Laser Sintering (EOS), LaserCUSING (Concept 
Laser), Selective Laser Melting (SLM Solutions), Direct Metal Printing (3D Systems), etc. All these 
terminologies refer to the same basic process, in which a laser is used to selectively fuse powder 
along a trajectory based on a Computer Aided Design (CAD) file. In this paper the term Direct Metal 
Printing (DMP) is used. 
 
There is a long-term interest in biodegradable load-bearing implants in medical research in general 
and thus also in medical DMP research. There are three important groups of alloys in this domain [1]. 
The first and most investigated group consists of Mg alloys. Pure Mg has been processed by additive 
manufacturing up to a relative density of 95%, which is not considered as fully dense in DMP research 
[2]. For Mg alloy WE43, a density ≥99.9% was obtained for cubes of 3x3x3mm3, but this density was 
not reached for larger samples [3]. Mg alloy AZ91 is the only one to have been densified up to a 
relative density of 99.5% for bulk parts; however, it is not considered suitable for biodegradable metals 
due to the presence of 9wt% of Al [4,5]. The second alloy group under investigation is made of iron 
alloys. DMP of pure Fe is more successful than DMP of pure Mg but pure Fe implants might degrade 
too slowly [1,6]. Recent development of new Fe alloys for DMP has yielded some encouraging results 
with alloys containing Mn and Ag [7,8]. The third group of alloys to be considered promising for 
biodegradable implant production are Zn alloys. The first peer-reviewed publication on this subject 
appeared in 2007 [9]. There has been a lot of research since then but there have been no publications 
on DMP of Zn alloys so far. The main objective of this work is the study and development of the DMP 
process for pure Zn. 
 
2. Materials and methods 
Two different Zn powders were used for this research. The first, P1, was produced by air atomization. 
The second, P2, was produced by nitrogen atomization. The shape of the powders was imaged by 
Scanning Electron Microscope (SEM, FEI XL30) in the secondary electron mode. The Particle Size 
Distribution (PSD) was measured by laser diffraction with a Beckman Coulter LS13320. Porosity within 
the powders was studied by metallography. After mounting, the samples were ground with SiC paper 
up to 4000 grit, followed by polishing with a diamond suspension and final polishing with an alumina 
suspension. A Nikon Eclipse MA100 microscope was used for imaging. The H, O and N content of the 
powder was analyzed by Interstitial Gas Analysis (IGA, Evans Analytical Group). The flowability of the 
powder was measured with a Hall flow meter. The reflection of the powder at 1070nm was measured 
with a Perkin Elmer Lambda 960 with integrating sphere. The reflection of Spectralon (LabSphere) 
was used as reference for 100% reflection. The absorption of the powder was calculated as (1-
reflection). Pure Ti powder (grade 1) used in DMP was measured as a reference and allows 
comparison of the results with the data from reference [10]. 
 
A customized version of a ProX DMP 320 machine (3D Systems) was used for DMP experiments. 
This machine has a maximum laser power of 500W. DMP control software (3D Systems) was used for 
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file preparation. For all experiments, a Zn base plate was used in order to prevent wetting or 
interdiffusion problems (Special High Grade Zn, Affilips, Belgium). A Nikon SMZ745 stereomicroscope 
and a FEI XL40 SEM in secondary electron mode were used to study the topography of the samples. 
The dimensions of the laser tracks were analyzed with ImageJ software. Metallographic preparation 
for DMP parts was similar as for the powder samples. The microstructure of samples was visualized 
with polarized light. 
 
3. Results and discussion 
3.1 Powder characterization 
Figures 1a and 1b show the shape of the powder particles of respectively P1 and P2 powder. The air-
atomized powder is clearly less spherical than the nitrogen atomized powder. The sphericity 
influences powder flowability in a positive way, as it reduces mechanical interlocking between powder 
particles. Figures 1a and 1b also show that the air-atomized powder contains more small particles 
than the nitrogen atomized powder. This is confirmed by the PSD shown by Figure 1c. Table 1 
summarizes the D10, D50 and D90 values for both powders. The larger fraction of small particles in 
P1 also limits its flowability because Van der Waals forces can dominate the gravitational force for 
small particles. As Table 1 shows, P2 has a better flowability than P1. A good flowability is important 
as it helps to deposit a uniform powder layer with the scraper blade of the ProX DMP 320. All DMP 
machines with a scraper type deposition system face this limitation. Only the ProX DMP 100, 200 and 
300 are known to work with powders that are both finer and less spherical than the powder used in 
other machines [11] [12]. Both powders have some porosity and the amount of pores is similar for both 
powders. Figure 1d shows a cross-section of P2. 
 
 
Figure 1: (a) Air atomized Zn powder (P1) has an irregular shape. (b) Nitrogen 
atomized Zn powder (P2) has a more spherical shape. (c) P1 contains more small 
particles than P2. (d) P2 has some pores, P1 is similar in this respect. 
 
The IGA analysis shows that both powders contain similar amounts of oxygen. Oxygen is known to 
disturb melt pool dynamics in both DMP and laser welding [13]. Given the oxygen content of both 
powders, this effect is expected to be similar for both. The nitrogen content is also similar for the two 
powders, while P1 contains more hydrogen than P2. Hydrogen is known to cause pores in aluminum 
alloys processed by DMP [14]; the effect for Zn is unknown. 
 
 D10 D50 D90 Hall flow O N H 
 µm µm µm S ppm ppm ppm 
Powder 1 10 29 58 No flow 2585±71 17±2 23±1 
Powder 2 26 39 60 20.98 2551±81 17±2 7.6±0.8 
Table 1: Powder characteristics and light element content. 
 
The laser absorption of P1, P2 and the Ti reference powder is 76%, 73% and 70%, respectively. The 
difference between P1 and P2 can be caused, among other parameters, by the difference in PSD, 
particle shape, or surface roughness [15,16]. The laser absorption of the Zn powders is similar to that 
of Ti powder and shows that Zn is not an unusual material in this respect. The exact value of the laser 
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absorption is of limited importance, as the laser energy is mainly absorbed in the liquid meltpool and 
not the powder bed during DMP [17]. 
 
3.2 DMP process development 
3.2.1 1D: Single track experiments 
In order to explore the process window for DMP of Zn, single tracks were melted along the surface of 
a bare Zn plate. Stable processing conditions are generally different for the surface remelting of bulk 
materials and powder beds [18]. Therefore, the result of this experiment can only be considered as an 
estimation of the process window for DMP. A range of laser powers and scan speeds were explored, 
as shown in Figure 2. Single tracks were considered stable when a clear, continuous, melted track 
with surface ripples and a constant track width was obtained. Personal judgment was used to 
categorize the melted tracks. Figure 2 shows the process map with indication of different regions. For 
stable melted tracks, the energy density (ED) is given. Figure 3 shows examples of melted tracks 
produced on the surface of bulk Zn in these experiments. 
 
 
Figure 2: Single tracks on a Zn plate (no powder) show that only for an energy density of 25 J/mm and 
higher, a stable melted track can be obtained. For high scan speeds, melted tracks become unstable. 
 
 
Figure 3: Examples of melted tracks located in the (a) ‘no melted track’ region (Figure 2), 
(b) ‘stable melted track’ region (ED=0.50 J/mm), (c) ‘unstable melted track’ region. 
 
The same experiment as described above was repeated on a bed of powder P1 over the Zn plate. The 
thickness of the first powder layer is difficult to control and an exact thickness value is thus unknown. 
Figure 4 shows the process map with indication of different regions. A comparison of Figure 2 and 
Figure 4 shows that with powder: (i) the region without formation of a melted track is smaller, (ii) a new 
region with excessively high energy density exist, (iii) fewer combinations of laser power and scan 
speed lead to a stable melted track. The first and second observation can be explained by the higher 
laser absorption of metal powders compared to bulk metals [10]. Overall, the results are similar to 
what was reported for Ti6Al4V in reference [19]. Figure 5 shows some of the melted tracks obtained in 
these experiments. Instabilities in melted tracks appeared either as humping, Figure 5c, or as 
undercut, Figure 5d. These phenomena are known in laser welding and have been reported in DMP 
as well [20,21]. No balling was observed in the process window investigated here. 
 
 
Figure 4: Single tracks on a Zn plate with Zn powder P1 result in a smaller stable region 
compared to single tracks on a bare Zn plate (see Figure 2). 
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Figure 5: Examples of melted tracks with powder P1 located in the (a) ‘stable melted track’ region 
(ED= 0.25J/mm), (b) ‘too high energy density’ region, (c) ‘unstable melted track’ region (humping), (d) 
‘unstable melted track’ region (undercut). 
 
3.2.2 2D: Layer experiments 
The interaction of a fiber laser beam and a metal surface can lead to material evaporation and thus 
smoke formation. Laser welding research has shown that vaporized metal forms nanosized particles in 
the weld plume. Absorption of laser energy by these particles can lead to process instabilities [22]. 
During DMP, the smoke is removed from the process zone by an inert gas flow [23]. The low melting 
temperature (694K) and the small difference between melting and boiling temperature (487K) of Zn 
promote evaporation. Figure 6a shows an example of an unstable process, where the absorption of 
laser power has resulted in a shift from the region with an excessively high energy density to the 
region without melted track (Figure 4). Figure 6b shows the nanosized particles that form after Zn 
evaporation and confirms that the same phenomena as studied in laser welding happen in DMP of Zn. 
Similar results were reported for Mg in reference [3]. 
 
Scanning a full layer instead of a single vector requires the introduction of an additional parameter, 
namely the hatch spacing (distance between two vectors). The choice of the hatch spacing is based 
on the width of the stable melted tracks obtained in the preceding experiments. In order to limit the 
evaporation of Zn to a level manageable by the gas flow system of the ProX DMP 320, the stable 
melted track with the lowest linear energy density was chosen (ED=0.25J/mm). The width of the track 
shown in Figure 5a is around 165µm. The hatch spacing should be smaller than the track width to 
ensure sufficient overlap between different tracks. It cannot be too small either, as this would lead to a 
high energy input and thus excessive evaporation. A hatch spacing of 100µm was chosen as a 
compromise between these two requirements. Figure 6c shows the result after scanning 25 layers of 
thickness 30µm with powder P1. The result is very different when using powder P2, as shown by 
Figure 6d. Figure 6d shows melted tracks of a good quality, whereas the melted tracks in Figure 6c 
look very unstable. As the chemical composition of the powders is very similar, the difference is more 
likely caused by powder morphology. The formation of a smooth layer of P1 powder might be possible 
on a bare plate; however, deposition on a scanned surface is probably more difficult. Even small 
irregularities of the surface can lead to mechanical interlocking with particles of P1 and disturb powder 
deposition. This can lead to a different layer thickness on different positions on the build platform and 
a progressive worsening of surface quality as more and more layers are built. The overlap of the 
melted tracks in Figure 6d is sufficient, as no porosity between the melted tracks is visible. Further 
investigation will focus on a smaller overlap and a further reduction of smoke formation. 
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Figure 6: (a) Excessive smoke formation can lead to an unstable process by variations in the level of 
laser energy absorption. (b) Smoke consists of 10-500nm particles. (c) No smooth surface could be 
obtained with P1 powder. (d) With P2 powder, melted tracks of high quality and sufficient overlap 
could be obtained.  
 
3.2.3 3D: Part experiments 
Figure 7a shows a vertical cross section of a cube with dimensions 10x10x10mm3 produced with 
powder P2, using a layer thickness of 30µm, linear energy density 0.25J/mm and 100µm hatch 
spacing. Despite the small process window caused by the high evaporation tendency, the analysis of 
this image shows that a relative density >99.70% was obtained. Figure 7b shows the microstructure of 
this cross section. A strong texture in the building direction is present. This has been reported for other 
materials as well and should have a strong influence on the mechanical properties of the material [24]. 
This will be subject of further research. 
 
 
Figure 7: (a) Metallographic analysis shows that a relative density of >99.70% was obtained. 
(b) Grain growth is mainly parallel to the building direction. Grains grow across multiple layers.  
 
4. Conclusion 
This study has shown that it is possible to produce high quality Zn parts by Direct Metal Printing 
(DMP). Single track scans were successfully used to estimate suitable process parameters. In the 2D 
experiments, the hatch spacing was chosen to balance track overlap and smoke formation. The 
quality of the layers after DMP largely depended on the flowability of the powder. One of the two 
powders studied was shown to be unsuitable for the DMP process. A relative density of >99.70% was 
obtained for a 10x10x10mm3 density cube. A vertical cross section of this sample showed that 
elongated grains grow in the building direction across multiple layers. In order to validate this material 
for the production of personalized biodegradable implants, the microstructure, mechanical properties 
and degradation rate should be investigated further.  
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